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Abstract 

The abundance of CO2 in comets has been derived using CO Cameron band (a 3 n — > X'Z + ) emission assuming that 
photodissociative excitation of CO2 is the main production process of CO(a 3 n). On comet lP/Halley the Cameron 
(1-0) band has been observed by International Ultraviolet Explorer (IUE) on several days in March 1986. A coupled 
chemistry-emission model is developed for comet lP/Halley to assess the importance of various production and loss 
mechanisms of CO(a 3 Il) and to calculate the intensity of Cameron band emission on different days of IUE observation. 
Two different solar EUV flux models, EUVAC of |Richards eTaE] ( fT994) i and SOLAR2000 of |Tobiska| ( gOOg , and 
different relative abundances of CO and CO2, are used to evaluate the role of photon and photoelectron in producing 
CO molecule in a 3 fl state in the cometary coma. It is found that in comet lP/Halley 60-70% of the total intensity of 
the Cameron band emission is contributed by electron impact excitation of CO and CO2, while the contribution from 
photodissociative excitation of CO2 is small (20-30%). Thus, in the comets where CO and CO2 relative abundances 
are comparable, the Cameron band emission is largely governed by electron impact excitation of CO, and not by the 
photodissociative excitation of CO2 as assumed earlier. Model calculated Cameron band 1-0 emission intensity (40 R) 
is consistent with the observed IUE slit-averaged brightness (37 ± 6 R) using EUVAC model solar flux on 13 March 
1986, and also on other days of observations. Since electron impact excitation is the major production mechanism, 
the Cameron emission can be used to derive photoelectron density in the inner coma rather than the CO2 abundance. 
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1. Introduction 

Ejecting neutral gas and dust into space, comets cre- 
ate extensive and unique atmospheres in the interplan- 
etary space. Interaction of solar extreme ultraviolet 
(EUV) radiation with cometary species causes spectrum 
of different emissions. Spectroscopic observations of 
comets in the UV region by space-based telescopes give 
information about composition, abundance, and spatial 
distribution of neutral species in the cometary coma 
(e.g., |Feldman et al. 2004| l. The number densities of 
CO2 and CO in cometary coma have been derived using 
emissions from the dissociative products which can be 
produced in metastable states. Assuming photodisso- 
ciative excitation is the main production mechanism in 
populating the a 3 n metastable state of CO, the Cameron 
band (a 3 II — > X'S + ) emission has been used to estimate 
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the abundance of CO2 in comets ( 


Weaver et al.||1994| 


|Weaver et al.||1997HFeldman et al. 


19971. 



The observation of Cameron band of CO molecule 
in the coma of comet 103P/Hartley 2 (Weaver et al 



1994) by Hubble Space Telescope (HST) gave an in- 



citement to re-examine the data of several comets ob- 
served by the International Ultraviolet Explorer (IUE) 
satellite. Cameron band (1-0) emission at 1993 A is 
observed in 4 comets, including comet lP/Halley, in 



the IUE spectra ( |Feldman et al. 1997) >. The Cameron 
band (0-0) and (0-1) emissions at 2063 and 2155 A, re- 
spectively, could not be observed since they fall in the 
low sensitivity end of the IUE long-wavelength camera. 
Since the excited upper state (a 3 FI) of Cameron band 
emission is metastable and its lifetime is very small (~3 
ms, |Gilijamse et aL]|2007| l compared to lifetime of CO2 
molecule (-135 hours at 1 AU, |Huebner et al.| [T992] >, 
the CO(a 3 II) molecule can travel a distance of few me- 
ters only in the cometary coma before de-exciting into 
ground state (X L E + ) via emitting photons. Hence, the 
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Cameron band emission can be used to probe CO2 dis- 
tribution, and thus its abundance in the coma, provided 
it is produced only through photodissociation of CO2. 

Besides photons, the solar EUV-generated photoelec- 
trons also play a significant role in driving the chem- 
istry of cometary species in the coma. The importance 
of photoelectrons in excitation, dissociation, and ioniza- 
tion of various cometary species and subsequent effects 
on emissions in the inner coma are discussed in sev- 



eral works (e.g., Cravens and Green 1978 


Ip 1985 


Boice et al 


-1 11986| |K6r6smezey et al. 198' 


7\ |Bhard-| 


waj et al. 


1990| |1996| |Haider et al. 1993 


\ plberli 


et al.| 1996 


Bhardwaj 1999 2003 Haider and Bhard- 


waj||2005|jCampbell and Brunger, 2009 ; Feldman et al. 


2009; Bhardwaj and Raghuram, 2011a b). To explain 



the Cameron band emission in comet 103P/Hartley 2, 



Weaver et al. ( 1994 1 considered five possible produc- 
tion mechanisms of CO(a 3 ff) molecule. The modelled 
Cameron b and emission of CO molecule by |Weaver| 
et al.| ( |l994] > suggested that 60% of total CO(a 3 Il) pro- 
duction can be through photodissociative excitation of 
CO2; the remaining was attributed to other excitation 
processes. Feldman et al. ( 1997 1 assumed that pho- 



todissociative excitation of CO2 is the only source of 
Cameron band emission in comet lP/Halley. Recent 
calculations of Bhardwaj and Raghuram ( 201 la;) have 
demonstrated that in the comet 103P/Hartley 2, 60 to 
90% of CO(a 3 fI) production is through the photoelec- 
tron impact of CO2 and CO and that the contribution of 
photodissociation of CO2 is quite small. The derived 
rates of electron impact dissociation of CO2 producing 
CO(a 3 n) by |Feldman et al.||20"09"] > show that photodis- 
sociation can be comparable with electron impact exci- 
tation in producing Cameron band emission. However, 
the comet 103P/Hartley 2 is depleted in CO (relative 
abundance <1%). But in the case of comet lP/Halley 
the CO abundance is relatively higher compared to that 
on the 103P/Hartley 2, and hence the contribution due 
to direct excitation of CO by electron impact would be 
much larger. 

There are several observations of CO in comet 
lP/Halley, as well as in other comets, which suggest 
that CO is produced directly from the nucleus as well 
as having prevailed distributed sources in the cometary 
coma (|Eberhardt et al.| [1987) |Eberhardt[ [T9991 [DiSanti] 



et al. 2003 [ Cottin and F ray 2008]l. The measured 
number density of CO by neutral mass spectrometer 
on Giotto spacecraft, which flew through the coma of 
lP/Halley, is <7% relative to water at 1000 km come- 
tocentric distance. This relative abundance is higher 
(<15%) at larger distances (2 x 10 4 km) in the coma 
QEberhardt et"aTj \TWf\ |Eberhardt| [T9991 |Festou| [19991 



This increase in abundance can be explained by dissoci- 
ation of CO-bounded species and also through heating 
of several refractory grains by sunlight. Other cometary 
species like H2CO, C3O2, POM (polyoxymethylene, or 
polyformaldehyde), CH3OH, and CO2 can also produce 



CO molecules in photodissociation process (see Green- 



berg and Li 1998[ Cottin and Fray 2008 and references 



there in). However, there are no literature reports on 
the production of CO(a 3 n) from CO-bearing species, 
like H2CO, CH3OH, and C3O2, via photodissociation 
or electron impact dissociative excitation. 

Reanalysis of the IUE data on comet lP/Halley 
showed 5 observations of the Cameron 1-0 band emis- 
sion, which span over a 10-days period in March 1986; 
the intensity of 1-0 emission varied by a factor of about 
4 from lowest value of 20±6 to highest value of 65 ±9 
Rayleighs (Feldman et al. |1997]>. Assuming that the 



production of Cameron band emission is only through 
photodissociation of CO2, Feldman et al7|( | 1 997[ ) derived 
the CO2 abundances of ~2 to 6%, and also the CO2/CO 
abundance ratio. 

The production of CO(a 3 n) is mainly associated with 
spatial distribution of CO2 and CO molecules in the 
coma. We have recently developed a model for the 
chemistry of CO(a 3 ff) on comet 103P/Hartley 2 (Bhard- 



waj and Raghuram 201 la 1. In the present paper this 



coupled chemistry model has been employed to study 
the production of Cameron band emissions on comet 
lP/Halley. The contributions of major production and 
loss processes of CO(a 3 ff) in comet lP/Halley are eval- 
uated for different relative abundances of CO and CO2. 

The photochemistry in the cometary coma is driven 
by solar UV-EUV radiation. The solar UV flux is known 
to vary considerably both with the 27-day solar rota- 
tion period and with the 11 -year solar activity cycle. 
Since the continuous measurements of solar EUV fluxes 
are not available for different cometary observations, 
one has to depend on the empirical solar EUV mod- 
els. To assess the impact of solar EUV flux on the cal- 
culated brightness of Cameron band emission we have 
taken two most commonly used solar EUV flux mod- 
els, namely EUVAC model of Richards et al. ([1994)) and 
SOLAR2000 v.2.3.6 (S2K) model of |Tobiska| ( |2004| i. 
The solar EUV flux from these two models for 13 March 
1986 are shown in Fig.[T] 

This paper will demonstrate that in comets where 
CO2 and CO relative abundances are comparable, the 
photoelectron impact excitation of CO plays a major 
role in controlling the brightness of Cameron band, and 
not the photodissociation of CO2 as assumed previously. 
Since the Cameron band emission is forbidden and elec- 
tron impact is the major excitation mechanism, this 



emission is suitable to track photoelectron flux in the 
inner cometary coma rather than the CO2 abundance. 
We have also studied the sensitivity of calculations as- 
sociated with variation in input solar flux and electron 
impact excitation cross sections of CO2 and CO in esti- 
mating the intensity of Cameron band emission. 

2. Model 

The neutral parent species considered in the model 
are H2O, CO2, and CO. The density of neutral parent 
species in the coma is calculated using Haser's formula, 
which assumes spherical distribution of gaseous envi- 
ronment around the nucleus. The number density n,(r) 
of i' h species in the coma at a cometocentric distance r 
is given by 



»iO) 



fiQp 



(1) 



47rv,r 2 

Here Q p is the total gas production rate of the comet, 
v, is the average velocity of neutral species taken as 1 
km s -1 , Pi is scale length (J3 Hl o = 8.2 x 10 4 km, f3 C o 2 = 
5.0 x 10 5 km, and {3 C o = 1.4 X 10 6 km) and f, is frac- 
tional abundance of \ ,h species. Calculations are made 
for comet lP/Halley taking total gas production rate as 
6.9 x 10 29 s , which has been observed by Giotto mis- 



sion (Krankowsky et al. T986JI. Since cometary coma 
is dominated by water, 80% of total production rate is 
assumed to be H2O. 

The in situ gas measurements at comet lP/Halley 
made by Giotto Neutral Mass Spectrometer (NMS) on 
the encounter date 13 March 1986 showed that CO2 
abundance is 3.5% of water (Krankowsky et al. 1986 1. 
On the same day, based on IUE observation, |Feldman 
1997| derived C0 2 abundance of 4.3%. Eberhardt 



etal. 



et al. 



1987| > suggested that below 1000 km, nuclear rate 



of CO production can be 7% of water. The radial profile 
of CO calculated by Eberhardt et al. ( 19871» showed al- 



most a constant value of CO relative abundance (<15%) 
above 15000 km. This increase in CO abundance is at- 
tributed to the presence of an extended source for CO in 
the cometary coma. The IUE-derived average produc- 
tion rate of CO is 4.7% ( |Feldman et aL][T997l >. We have 
taken 4% CO2 and 7% CO directly coming from nu- 
cleus as the standard input for the model. We have also 
considered extended CO density profile directly from 
Giotto NMS observation ( |Eberhardt et al.[|1987| >. Fur- 
ther, the relative abundances of CO2 and CO are varied 
to assess the effect on the intensity of Cameron band 
emission and different production channels of CO(a 3 II). 

The primary photoelectron energy spectrum 
Q(E, r, 9), at energy E, cometocentric distance r, 



and solar zenith angle 0, is calculated by degrading the 
solar UV-EUV radiation in the cometary coma using 
the following equation 

Q(E, r,0) = Yj f A ni(r) "iW 7 ~ (/i) ex Pl- T ( r < 9 > W dA(2) 



where, 



T(r, 6, A) = Y erf (A) sec6 I ni (r')dr' 

Jr 



(3) 



Here err (A) and cr 7 (/l) are absorption and ionization 
cross sections, respectively, of i th species at wavelength 
A, n,(r) is its neutral gas density calculated using the 
equation[T[ and r(r, 0, A) is optical depth of the medium. 
Iaa(A) is unattenuated solar flux at the top of atmosphere 
at wavelength A. All calculations are made at solar 
zenith angle 0°. The photoabsorption and photoioniza- 
tion cross sections of H2O, CO2, and CO are taken from 
Shunkand Nagyl(|2009|. 



The steady state photoelectron fluxes are calculated 
using the Analytical Yield Spectrum (AYS) approach, 
which is based on the Monte Carlo method. Details 
of the AYS approach are given in several of the previ- 



ous papers (Singhal and Haider 1984 


Bhardwaj et al. , 


1990 1996; Singhal and Bhardwaj 1991 ; Bhardwaj and 


Singhal 


1993 


Bhardwaj, 1999 2003; Bhardwaj and 


Michael 


1999ajb[ Haider and Bhardwaj 2005 Bhard- 


waj and 


Jain 2009J. We have used two dimensional 



yield spectra to calculated photoelectron flux f p (E, r) as 
a function of energy E and cometocentric distance r 



f P (E,r) 



■r 

•J W 



Q(E,r,0)U c (E,E o ) 
2 ni(r)cr iT (E) 



(4) 



where Q(E, r, 9) is primary photoelectron production 
rate calculated using equation [2] cr iT (E) is total in- 
elastic electron impact cross section at energy E for the 
i species whose number density is «,(r). The lower 
limit of integration w is minimum excitation energy and 
U°(E,E ) is two dimensional composite yield spectra 
( |Singhal and Haider| [19841 |Bhardwaj et al.||l990) . The 
total inelastic electron impact cross sections for water 
are taken from |Rao et al. ( 1995 1, and those for CO2 and 
CO are taken from Jack man et al.| ( fT9"77] l. 

The loss process of photoelectrons through collisions 
with thermal electrons is considered using the following 
formula 



eff 



n e p(E, n e , T) 
EW 



(5) 



where n e is the thermal electron density, E is the energy 
of photoelectron, and W is the average energy lost per 



3 



collision between photoelectron and the thermal elec- 
tron. The expression /3 is given by McCormick et al. 



1976). More details are provided in Bhardwaj et al. 

1990). The calculated photoelectron fluxes for the two 
solar EUV flux models at 1000 km are shown in Fig. [2] 
The electron impact volume production rates of dif- 
ferent ions from neutral species and volume excitation 
rates for CO(a 3 Il) state from CO2 and CO are calcu- 
lated using photoelectron flux f p (E, r) and electron im- 
pact excitation cross section cr a . of i ,h species and k' h 
state as 



V(r) 



^100 

= "iW I f P (E, r) o- ik (E)dE 

J W 



(6) 



The cross sections for electron impact dissociative ion- 
ization of water are taken from Itik awa and M ason 



(2005), for C0 2 from Bhardwaj and Jain (2009), and 
for CO from |McConkey et al.| ( |2008| ). 

Table [T]presents the rea ctions involved in the p roduc- 
tion and loss of CO(a 3 !T). Huebner et al. ( 1992| ) calcu- 
lated the cross section for photodissociative excitation 
of CO2 producing CO in a 3 n state using total absorp- 
tion cross section and the yield measured by |Lawrence 
(1972). We averaged these cross section values over 



50 A bin intervals to calculate photodissociative excita- 
tion rate using solar flux from EUVAC and S2K models; 
this cross section is shown in Fig. [3] The cross section 
for electron impact excitation of CO in the a 3 IT state 
is taken from Jack man et al.| ( |1977| ) and for dissocia- 
tive excitation of CO2 producing CO(a 3 lT) is taken from 
Bhardwaj and Jain ( 2009 ). These cross sections are pre- 
sented in Fig. [2] To estimate the effect of electron im- 
pact cross sections on emissions, we have used the elec- 



tron impact cross sections recommended by |Avakyan 



et al. ( 1998[ ) for the above two processes, which are also 
shown in Fig. [2] The electron temperature profile, re- 
quired for dissociative recombination reactions, is taken 
from [Korosmez ey et al.] ( |1987| ) . 



3. Results and discussions 



3.1. Cameron band emission 



The first clear observation of Cameron band emis- 
sion of CO molecule is made in comets 103P/Hartley 2 



and C/1992 T2 Shoemaker-Levy (Weaver et al. 



1994 1, which was followed by detection in several 



other comets, including lP/Halley, in the IUE repro- 
cessed data (Feldman et al. 1997[ ). Assuming that 
the photodissociative excitation of CO2 is the ma- 
jor production mechanism of Cameron band emission, 
|Weaver et al.| ( |1994[ ) derived the abundance of CO2 



in comet 103P/Hartley 2. Recently, Bhardwaj and 
Raghuram ( 2011a[ ) have demonstrated that on comet 
103P/Hartley 2 the photoelectron impact dissociative 
excitation of CO2 followed by photoelectron impact 
of CO are the major production processes of Cameron 
band, and not the photodissociative excitation of CO2 as 
suggested by [Weaver et al.| ( T994| >. 



Since comet 103P/Hartley 2 is CO depleted (rel- 
ative abundance <1%), the contribution to Cameron 
band emission through dissociative excitation of CO2 
by EUV-generated photoelectrons is more important. 
However, in case of comets where CO abundance is 
larger, like lP/Halley, the contribution of CO to the 
Cameron band emission would be significant. The de- 
rived CO2/CO abundance ratios for several IUE obser- 
vations of comet lP/Halley showed that the abundance 
of CO can be even double that of CO2 (Feldman et al. , 
[1997}. 

The calculated production rate profiles of CO(a 3 ff) 
using solar EUVAC and S2K models for relative abun- 
dance of 4% CO2 and 7% CO are shown in Figure|4] For 
both solar EUV flux models, the peak production rate 
occurs at cometocentric distance ~20 km. The major 
production mechanism of CO(a 3 IT) is the photoelectron 
impact of CO, whose contribution is ~70% to the total 
CO(a 3 IT) production. On using the S2K solar flux, the 
calculated total production rate is 1.5 times larger than 
that obtained using the EUVAC flux. This variation is 
mainly due to the difference in the input solar EUV flux 
(cf. Fig.[T]( and subsequently EUV-generated photoelec- 
tron flux (cf. Fig. [2}. In the wavelength region 700-1050 
A, the S2K model solar flux is a factor of ~2.5 larger 
than the EUVAC model (cf. Fig. [TJ. As shown in Fig- 
ure [3] the photodissociative excitation cross section of 
CO2 producing CO(a 3 II) maximizes around 880-1000 
A. Further, the S2K solar flux in the 1000-1050 A wave- 
length bin is around 20 times higher than the EUVAC 
flux. The average cross section value for photodisso- 
ciation of CO2 producing CO(a 3 II) in the wavelength 
region 1000-1050 A is comparable with the peak value 
around 900 A (cf. Figure [3}. 

Moreover, in the inner cometary coma, below come- 
tocentric distance of 50 km, the optical depth for so- 
lar flux at wavelengths below 200 A and above 1000 A 
is smaller compared to other wavelengths because of 
smaller absorption cross sections of neutral species 
(mainly water). The rate of photodissociative excitation 
of CO2 molecule into CO(a 3 II) mainly depends on the 
degradation of solar flux in the wavelength region 850- 
1050 A. Hence, in the innermost coma (<50 km), for 
a given relative abundance of CO2, the production rate 
of CO(a 3 n) via photodissociation of CO2 is determined 



by the solar flux in the wavelength bin 1000-1050 A 
and at wavelengths 1025.7 A (H I) and 1031.9 A (O 
VI). The calculated photodissociation rates of CO2 pro- 
ducing CO(a 3 II) at 0.9 AU are 1.66 x 10~ 7 s 1 and 5.28 
x 10~ 7 s _1 using EUVAC and S2K solar fluxes, respec- 
tively, on 13 March 1986. 

From Figure [2] it is seen that the calculated steady 
state photoelectron flux using two solar flux models dif- 
fer in magnitude by a factor of 2. Since the cross section 
for electron impact of CO producing CO(a 3 Il) peaks at 
lower energies (~10 eV) where the photoelectron flux 
is also high (~10 8 cirT 2 s _1 eV -1 sr _1 ; cf. Fig. [2}, the 
electron impact excitation of CO is a major production 
source of Cameron band emission. At larger (>5000 
km) cometocentric distances, due to decrease in pho- 
toelectron flux, the photodissociative excitation of CO2 
starts becoming an increasingly important process (cf. 
Fig. 0). Contributions from dissociative recombination 
reactions and resonance fluorescence of CO are more 
than two orders of magnitude lower compared to major 
production processes. 

Since the lifetime of CO(a 3 fI) is about ~3 ms, the 
quenching of the excited a 3 n metastable state by vari- 
ous cometary species is not very efficient. The calcu- 
lated loss rate profiles of CO(a 3 Il) for various processes 
are shown in Figure [5] The radiative de-excitation is 
the main loss process. Very close to the nucleus, the 
loss due to quenching of CO(a 3 IT) by water is compa- 
rable to the radiative de-excitation. Quenching by wa- 
ter molecule would be a more significant loss process 
of CO(a 3 Il) in the higher water production rate comets, 
like Hale-Bopp or when the comet is much closer to the 
Sun than 1 AU. The calculated number density profile of 
CO(a 3 Il) is shown in Fig. [6] Above 100 km, the density 
profile of CO(a 3 FI) mostly following the number density 
profiles of the parent species CO2 and CO. 

The above calculated total production rate is inte- 
grated up to 10 s km to obtain the height-integrated col- 
umn intensity of Cameron band emission which is pre- 
sented in Table|2] We also calculated the line of sight in- 
tensity at a given projected distance z from the cometary 
nucleus using production rates of different excitation 
processes of CO(a 3 IT) as 



r 



/(z) = 2 V(s)ds 



(7) 



where s is abscissa along the line of sight and V(s) is 
the corresponding emission rate. The maximum limit 
of integration R is taken as 10 5 km. These brightness 
profiles are then averaged over the projected area 6600 
x 11000 km 2 corresponding to the IUE slit dimension 
9". 07 x 15". 1 centred on nucleus of comet lP/Halley 



on 13 March 1986 at geocentric distance 0.96 AU. The 
volume emission rate for 3 transitions (0-0, 1-0, and 0- 
1) of the Cameron band are calculated using the follow- 
ing formula 

Vvvto = q XAy, v >,/]r A v'v"W(r)exp(-T) (8) 

v" 

where V(r) is total volume excitation rate of CO(a 3 II) at 
a given cometocentric distance r, given by equation |6j 
q ov > is the Franck-Condon factor for transition, A v > v » is 
the Einstein transition probability from upper state V to 
lower state v", and t is the optical depth. Since reso- 
nance fluorescence is not an effective excitation mecha- 
nism for the Cameron band, the cometary coma can be 
safely assumed to be optically thin. The Franck-Condon 
factors are taken from Nicholls ( 1962 ) and branching ra- 



tios from Conway (1981 



The calculated brightness profiles for each of the pro- 
duction processes along projected distances from nu- 
cleus are shown in Figure [7] At 100 km projected 
distance, the contribution due to photoelectron impact 
excitation of CO to the total Cameron band intensity 
is about a factor 4 higher than the dissociative exci- 
tation processes of CO2, while contributions of other 
production processes are around 2 orders of magnitude 
smaller. Around 1000 km projected distance, both pho- 
todissociative excitation and electron impact dissocia- 
tive excitation of CO2 are contributing equally to the 
total Cameron band intensity. The photodissociative ex- 
citation of CO2 dominates the electron impact excitation 
processes above 5000 km. 

The calculated relative contributions of (1-0), (0-0), 
and (0-1) bands to the total Cameron band are 13.9%, 
10.4%, and 14.5%, respectively. The intensities of (1- 
0), (0-0) and (0-1) Cameron bands of CO molecule are 
calculated as a function of relative abundances of CO2 
and CO. The calculated percentage contributions of dif- 
ferent production processes of Cameron band at three 
projected distances for two different solar flux mod- 
els are presented in Table [2] The IUE-observed 1-0 
Cameron band emission on 13 March 1986 is 37+6 
Rayleighs. 

Using EUVAC solar flux as input, our model cal- 
culated 1-0 Cameron band emission intensity for the 
relative abundance 4% CO2 and extended distribution 
of CO is 59 Rayleighs which is higher than IUE ob- 
served intensity by a factor 1.3 to 2. Taking CO2 abun- 
dance as 4% and CO abundance as 7% from nucleus, 
the calculated 1-0 intensity is 51 Rayleighs, which is 
higher than the IUE-observed value by a factor 1.2 to 
1.6. The calculated intensity for 3% C0 2 and 7% CO 



5 



is 46 Rayleighs, which is consistent only with the up- 
per limit of IUE-observed intensity. In all the above 
cases, below 1000 km projected distances, the contribu- 
tion of photodissociation of CO2 to the Cameron band 
emission is <15%, while electron impact of CO con- 
tribute 65 to 80%. We have also calculated the intensity 



of Cameron band taking the Feldman et al. ( 1997 1 de- 
rived abundances of 4.3% C0 2 and 4.7% CO. The cal- 
culated intensity of 1-0 Cameron band emission in this 
case is 40 R, which is consistent with the observed value 
of 37 ± 6 R on 13 March 1986 (cf. Table |3). The cal- 
culated 1-0 Cameron band emission intensity at various 
projected distances in the IUE-slit field of view is pre- 
sented in the Figure |HJ The circular contours and gray 
scale provide information on brightness variation. The 
calculated results using S2K solar flux model for the 
above discussed relative compositions of CO2 and CO 
are also presented in Table [2] The calculated intensities 
are higher by a factor of ~1.5, which is mainly due to 
higher input solar flux and subsequently EUV-produced 
photoelectron's flux (cf. Figs. [T] and |2j. 

Using OH 3085 A emission observation by IUE, 
Tozzi et al. (19981) derived water production rates for 



different days of IUE observations (1986 March 9, 11, 
13, 16, 18) around Giotto encounter period. The wa- 
ter production rate derived on 13 March 1986, the clos- 
est ap proach day of Giot to spacecraft, was 5.9 x 10 29 
s . Feldman et al. ( 1997 1 have considered these de- 



rived production rates of H2O to estimate relative abun- 
dances of CO2 and CO for corresponding days of ob- 
servation. We have calculated the intensity of Cameron 
band for different days of IUE observations taking the 
same H2O, CO2, and CO production rates as quoted in 
|Feldman et al.| ( |1997| l. The solar EUV fluxes on each 
day of observation was obtained by using EUVAC and 
S2K solar flux models and scaling them according to 
the heliocentric distance of comet. The IUE projected 
field of view is calculated for IUE slit dimension used 
in observation, which vary according to the geocentric 
distance of the comet in March 1986. The calculated in- 
tensities of Cameron 1-0, 0-0, 0-1 bands and percentage 
contributions from different production process to the 
IUE slit-averaged brightness are presented Table [3] The 
calculated intensity of 1-0 emission is consistent with 
the IUE-observation for the EUVAC solar flux model, 
while it is higher by a factor of 1 .5 on using S2K so- 
lar flux. The calculations presented in Table [3] show 
that for a change in the CO2/CO abundance ratio by 
a factor of 2, the total photoelectron impact excitation 
contribution changes by only ~10%; it varies from 68 
to 76% (60 to 69%) of the total IUE-observed intensity 
for EUVAC (S2K) solar flux model. The photoelectron 



impact excitation of CO alone contribute around 45 to 
55% (40 to 60%) to the total Cameron band intensity 
when EUVAC (S2K) solar flux is used. The contribu- 
tion of photodissociation of CO2 to the IUE-observed 
Cameron band brightness is around 20% (30%) for EU- 
VAC (S2K) solar flux model when the abundances of 
CO and CO2 in the comet are almost equal. These com- 
putation show that in the IUE field of view the pho- 
toelectron is a major production source (60-75% con- 
tribution) for the Cameron band emission, whereas the 
contribution due to photons is small (20-35%). 

The calculations presented in Tables [2] and |3]renders 
that in case of comets where CO2/CO abundance ratio 
is closer to 1 or larger than 1, the emission intensity of 
Cameron band is mainly controlled by the abundance of 
CO in the inner cometary coma. The photoelectron im- 
pact excitation of CO is the main production mechanism 
for the production of Cameron band emission, but not 
the photodissociative excitation of CO2 as suggested or 
assumed in earlier studies ( |Weaver et al.| |1994| |Weaver| 



|etaLl[T997) [Feldman et al.|[l997l >. Thus, in comets that 
have sufficient CO abundance the electron impact exci- 
tation of CO producing CO(a 3 IT) can be an efficient ex- 
citation mechanism for Cameron band emission. Since 
Cameron emission is mainly governed by electron im- 
pact excitation reactions, this emission can be used to 
track the photoelectron density mainly in the energy 
range 10 to 15 eV near the nucleus. 

In the case of comet 103P/Hartley 2, which has an 
order of magnitude lower gas production rate and much 
lower CO (abundance < 1%) than comet lP/Halley, the 
dissociative recombination of COJ becomes a compet- 
ing production mechanism at larger (>10 4 km) come- 
tocentric distances (Bhardwaj and Rag huram 201 la| >. 
However, in comparison, on comet lP/Halley the pro- 
duction rates of H2O, CO2, and CO are so high that the 
photon and photoelectron impact reactions are dominant 
throughout the inner cometary coma. 

3.2. Effect of electron impact cross section 

In this section we will discuss the impact of cross sec- 
tions for electron impact excitation of CO(a 3 n) from 
CO2 and CO. The threshold for exciting CO molecule 
in the metastable a 3 n state is 6 eV and the peak value of 
cross section occurs around 10 eV (cf. Fig.[2]i. The cross 
section for electron imp act excitation of CO producing 
CO(a 3 n) reported by Ijackman et al. ( 19771 is theoret- 



ically fitted based on Born approximation and experi- 
mental measurements of Ajello ( 1971| l. The uncertainty 
associated with measurement is about 75%. However, 
the uncertainty in the cross section at energies less than 



15 eV is 35% (Ajello 1971 1, where the contribution of 



6 



electron impact excitation plays a major role (cf. Fig[2]). 



The cross section measurements of Furlong and Newell 



( 1996 ) differ at the peak value of cross section by a fac 
tor 2 (cf. Figure |2j. The threshold for dissocia tion of 



C0 2 molecule into CO(a 3 IT) state is 11.45 eV. Ajello 



( |19711 > measured Cameron band emission cross sections 
in the wavelength region 1950-2500 A by exciting CO2 
molecule through electron impact. Saw ada et al.| ( |1972"] ) 
concluded that these cross sections are comparable with 
cross sections of 12.6 eV and 13.6 eV states. The cross 
section value for CO(a 3 IT) production due to electron 



impact of CO2 measured at 80 eV by Erdman and Zipf 



(1983) is 2.4 x 10" 



Bhardwaj and Jain (2009) 



modified the fitting parameters given by |Jackman et al. 



( |1977| ) for the excited states 12.6 eV and 13.6 eV of 
CO2 molecule to match cross section value measured by 
Erdman and Zipf|(l983| ) at 80 eV (for more discussion 



on these cross sections see Ajello 1971 Sawada et al. 



[T972l[Bha rdwaj an dTaiiil |2009| nAvakyan et al. ( 1998 



corrected Ajello ( 1971 1 reported cross sections based on 
measurements of Erdman and Zipf (|1983[). The differ- 
ence in the cross section of Avakyan et al. (1998]) and 
Bhardwaj and Jain (2009 ) below 30 eV is about a factor 



of 2(cf. Figg. 

Using electron impact CO(a 3 FI) excitation cross sec- 
tions from Furlong and Newell ( 1996 ) for CO and from 
|Avakyan et al.| ( |1998| ) for CQ 2 , and using EUVAC solar 
flux, the calculated emission intensity of 1-0 Cameron 
band, for a given relative abundances of CO and CO2, 
is larger by a factor 2. In these calculations the contri- 
bution of electron impact excitation of CO is increased 
from 70% to 85% at cometocentric distances below 10 3 
km and 40% to 60% at distances above 10 3 km. On 
using these cross sections, the percentage contribution 
of photoelectron impact excitation of CO to the total 
Cameron emission in the IUE-slit-averaged intensity is 
found to increase by 10%, but there is no significant 
change in electron impact excitation of CO2. In this 
case the contribution from photodissociative excitation 
of CO2 is decreased by 10%. 



4. Summary 

Using the coupled chemistry-emission model a de- 
tailed study of Cameron band (a 3 n — > X'S + ) emis- 
sion has been carried out on the comet lP/Halley around 
the Giotto encounter period. The effects of change in 
solar flux on the production of CO(a 3 II) and thus the 
Cameron band intensity have been evaluated by consid- 
ering two different solar EUV flux models, viz. EUVAC 
model ( [Richards et all [1994] ) and S2K (SOLAR2000) 



model (Tobiska, 2004). Calculations are made for dif- 
ferent days of IUE-observation of comet lP/Halley. The 
important results from the present model calculations 
can be summarized as follows: 

• For the same day, the solar flux from the two mod- 
els (EUVAC & S2K) are different, and the differ- 
ence between them varies with wavelength. 

• The production rates obtained by using S2K solar 
flux model are higher than that of EUVAC model. 
The photodissociation of CO2 is larger by a factor 
of 2.5, while the photoelectron impact excitation is 
larger by a factor of ~ 1 .5. 

• The total production rate of CO(a 3 n) peaks around 
cometocentric distance of 20 km for both solar flux 
models. 

• Throughout the inner coma the main loss mecha- 
nism of CO(a 3 IT) is radiative decay. Very close to 
the nucleus (< 20 km) quenching by water is also 
significant. 

• In the inner (< 5000 km) coma the major produc- 
tion mechanism of CO(a 3 Il) is photoelectron im- 
pact excitation of CO. 

• On using EUVAC solar flux, and abundances of 
CO and CO2 as derived from IUE-observation, the 
model calculated Cameron band 1-0 emission in- 
tensity (40 R) is consistent with the IUE-observed 
brightness (37 ± 6 R) on 13 March 1986, and also 
on other days of observations. However, the calcu- 
lated intensities are larger by a factor 1.5 when the 
S2K solar EUV flux is used. 

• For EUVAC (S2K) solar flux model, around 70% 
(65%) of the total intensity of Cameron band ob- 
served by the IUE is contributed by electron im- 
pact excitation of CO and CO2 molecules, while 
the contribution from photodissociative excitation 
of C0 2 is about 20-30% only. 

• In comets having comparable CO and CO2 rela- 
tive abundances, the intensity of Cameron band is 
largely determined by the photoelectron impact ex- 
citation of CO, and not the photodissociative exci- 
tation of CO2 as suggested by earlier studies. 

• Since the emission intensity of Cameron band is 
mainly governed by electron impact reactions, this 
emission may be more useful to track the photo- 
electron density in 10-15 eV energy region in the 
inner coma, rather than the CO2 abundance. 
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Table 1: Reactions for the production and loss of CO(o IT). 



Reaction 
C0 2 + hv ^ CO(a J n) + 0( 3 P) 
CO + hv -> CO(a 3 n) 
C0 2 + e 



Rate(cm 3 s 1 or s ') 



Reference 



CO(a 3 n) + O + e" 

:o(a 3 n) + e - 

CO(a 3 n) + O 
HCO + + e" -> CO(a 3 n) + H 



CO + eT h -> CO(a 3 n) + e 
CO+ + e" 



CO(a 3 n) + hv -» 
CO(a 3 n) + hv -» 
CO(a 3 n) + hv -» 
CO(a 3 n) + hv -» 
CO(a 3 n) +H 2 • 
CO(a 3 n) + co 2 
CO(a 3 n) + CO - 
CO(a 3 n) + e; 
CO(a 3 II) 



c + 

CO + + e" 
0+C + + e" 
C + + + e" 
-> CO + h 2 o 
-> CO + co 2 
* CO + CO 
. CO + + 2e" 
CO + hv 



Model 
1.69x 10~ 9 
Model 
Model 

K fl * 

K*+ 

7.2x 10~ 5 
8.58x 10~ 6 
2.45x 10~ 8 
2.06x 10" 8 
3.3 x 10~ 10 
1.0 x 10" 11 
5.7 x 10" 11 
Model 
1.26 x 10 2 



Present work 



(1994) 



Weaver et al. 
Present work 
Present work 
Seiersen et al|(|2003| , 



Rosati et al. 


70757), 


Schmidt et al. (1988 


Huebner et al 


JT992 


Huebner et al 


(1992 


Huebner et al 
Huebner et al 


(1992 
1ip92 



Skrzypko wski et al. ( 1998 1 
Wysong| ( |20075 i~ 

Present work 



Lawrence (1972 



*K„ = 6.5 x lfr 7 (300/Te) - 8 x 0.87 x 0.29 cm 3 s" 1 ; here 0.87 
is yield of dissociative recombination of CO} producing CO, 
and 0.29 is yield of CO(a 3 IT) produced from CO. 
"'"Kfc = 2.4 x 10~ 7 (300/Te)° 7 x 0.23 cm 3 s _I ; here 0.23 is yield 
of dissociative recombination of HCO + producing CO(a 3 II), 
e~l h = photoelectron. 
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Figure 1: Solar EUV fluxes from EUVAC model (Rich ards et al.| 

[T994> and SOLAR2000 (S2K) model fibbiska||2004) for the day 13 Fi § un = 3: Photodissociative excitation cross section of C0 2 producing 

T7 — , ,„„, c . ... , ,-rc ■ — T — "r j , , rT „, CO(a n), taken from Huebner et al. (19921. 

March 1986. Significant differences in the two model solar hUV 

fluxes can be noticed. (*) The value of solar flux in SO- 

LAR2000 model for the bin 1000-1050 A is 30 x 10" cm- 2 

s- 1 . 
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Figure 2: Cross sections for electron impact excitation of CO(a 3 n) 
from CO and CO2. Calculated photoelectron flux at cometocentric 
distance of 1000 km is also shown for both SOLAR2000 (S2K) and 
EUVAC model solar fluxes with magnitude on right side y-axis 
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Figure 4: Radial profiles of various production mechanisms of 
CO(a 3 n) in comet lP/Halley on 13 March 1986 for relative abun- 
dance of 4% CO2 and 7% CO. The calculated profiles for dissociative 
recombination of CO, and HCO + , and resonance fluorescence of CO 
are shown for EUVAC solar flux only. Res. flu. = resonance fluores- 
cence of CO molecule. e~ h = Photoelectron, hv = Solar photon, and 
e~ = thermal electron. 
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Figure 5: Radial profiles of various loss mechanisms of CO(a 3 fI) for 
4% CO2 and 7% CO relative abundances using EUVAC solar flux. 
Photoelectron impact ionization of CO(a 3 il) is plotted after multiply- 
ing by a factor 20. 
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Figure 7: The integrated Cameron band brightness profiles as a func- 
tion of projected distance from nucleus for different production pro- 
cesses of the Cameron band, using EUVAC solar flux model and rel- 
ative contribution of 4% CO9 and 7% CO. The calculated brightness 
profiles for Cameron (1-0) band for EUVAC solar flux and total bright- 
ness for S2K solar flux are also shown. 




Density (cm 



Figure 6: The calculated radial profiles of number density CO(a 3 fI) 
for SOLAR2000 (S2K) and EUVAC solar flux models. The density 
of CO(a 3 fI) is plotted after multiplying by a factor 10 6 . The number 
density profiles of CO9 and CO are also shown for 4% and 1% relative 
abundances, respectively. 
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Figure 8: The calculated (1-0) Cameron band emission brightness in 
the IUE projected field of view on 13 March 1986, assuming spherical 
symmetry, using EUVAC solar flux model, for relative contribution of 
4.3% CO2 and 4.7% CO. The rectangle represent the projected field of 
view corresponding to IUE slit dimension of 9.07" X 15.1" centred on 
the nucleus of comet lP/Halley, which is 1 1000 X 6600 km. The gray 
scale represent the calculated brightness with contours (solid lines) for 
10 3 , 10 2 , 20, and 10 R marked in the fi gure. The calculated brightness 
averaged over IUE slit projected area (40 R) is shown by thick black 
contour between two dotted line contours which represent the upper 
and lower limits of IUE observed intensity value (37 ± 6 R). 
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